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CONSPECTUS

Izheimer's disease (AD) is a neurodegenerative disorder characterized by progres-

sive cognitive and memory impairment. Within the brain, senile plaques, which
comprise extracellular deposits of the amyloid-f peptide (Af), are the most common
pathological feature of AD. A high concentration of Cu*" is found within these plaques,
which are also areas under oxidative stress. Laboratory work has shown that in vitro Af
will react with Cu®* to induce peptide aggregation and the production of reactive oxygen
species. As such, this interaction offers a possible explanation for two of the defining
pathological features observed in the AD brain: the presence of amyloid plaques, which
consist largely of insoluble Af aggregates, and the abundant oxidative stress therein.
Researchers have accordingly put forth the “metals hypothesis” of AD, which postulates f‘}‘\._ .
that compounds designed to inhibit Cu** /A interactions and redistribute Cu** may offer | & /. .
therapeutic potential for treating AD. L

Characterization of the pH-dependent Cu®* coordination of Ag is fundamental to under-
standing the neurological relevance of Cu**/Af interactions and aiding the design of new therapeutic agents. In an effort to shed
light on the problem, many experimental and theoretical techniques, using a variety of model systems, have been undertaken. The
preceding decade has seen numerous conflicting spectroscopic reports concerning the nature of the Cu**/Af coordination. As the
number of studies has grown, the nature of the pH-dependent ligand environment surrounding the Cu** cation has remained a
point of contention. In large part, the difficulties can be attributed to inappropriate choices of the model system or to methods that
are incapable of quantitatively delineating the presence and identity of multiple Cu** coordination modes.

Electron paramagnetic resonance (EPR) is the method of choice for studying paramagnetic metal—protein interactions. With
the introduction of site-specific '°N, 70, and '3C isotopic labels and the application of advanced techniques, EPR is capable of
eliminating much of the ambiguity. Recent EPR studies have produced the most definitive picture of the pH-dependent Cu®**
coordination modes of Af and enabled researchers to address the inconsistencies present in the literature.

In this Account, we begin by briefly introducing the evidence for a role of Cu?* in AD as well as the potential physiological and
therapeutic implications of that role. We then outline the EPR methodology used to resolve the molecular details of the Cu**/Af
interactions. No drugs are currently available for altering the course of AD, and existing therapies only offer short-term
symptomatic relief. This focused picture of the role of Cu*" in AD-related plaques offers welcome potential for the development of
new methods to combat this devastating disease.

1. Cu/Ag interactions in Alzheimer's Disease

Alzheimer's disease (AD) is the most common age related
neurodegenerative disease. Currently, there are no disease
modifying drugs and existing therapies only offer short-
term symptomatic relief. Two of the defining pathological
indicators of AD are the presence of extracellular amyloid
deposits, consisting primarily of the f-amyloid (Aj) peptide,
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and oxidative stress.! The 39—43 amino acid Ag peptide is
cleaved from the transmembrane amyloid precursor pro-
tein (APP) by 8 and y sectretases (Figure 1A,B). While APP
possesses physiological functions, most recently being pro-
posed to play the role of a ferroxidase in the central nervous
system,? Ap forms neurotoxic oligomers that are likely to be
responsible for the synaptic dysfunction in AD.? In this
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FIGURE 1. (A) Processing of the amyloid precursor protein (APP) via the
amyloidogenic pathway to generate the toxic Aj peptide; heteroge-
neous y secretase cleavage generates peptides of length 39—43 a.a.
(B) Amino acid sequence of A51-42 (AB42). Synthetic peptides can be
generated with isotopic labels placed on individual atoms of specific
residues for CW- and pulsed-EPR studies. (C) X-band CW-EPR spectra of
AB16 (unlabeled) with 0.9 equiv ®>*Cu®" in PBS at 77 K, showing the pH
dependence of the physiologically relevant Cu** coordination modes.
Hyperfine structure is seen due to interaction of the metal-centered
unpaired electron with the magnetic moment of the 8>Cu nucleus

(the fourth A(Cu) hyperfine line is hidden under the g, features). First
approximations to the principal g and A values can be obtained directly
from the spectrum as indicated. Superhyperfine (shf) structure is also
resolved due to interactions of the unpaired electron with ligand nuclei
and the Cu nucleus (A, (Cu)). By varying the isotopic content of the ligand
nuclei, changes in the shf structure can be observed. The resolution of
shf structure is aided using monoisotopic Cu®* and lower spectrometer
operating frequencies (e.g, S-band).2'242628

regard, the defining features of Aj aggregation, oxidative
stress, and neuronal cell death in AD may be explained by
the interactions of A with Cu®*. Synthetic AS reacts with
Cu?* to form aggregates and generate reactive oxygen
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species by reducing coordinated Cu** to Cu® with the
concomitant oxidation of other moieties such as thiols,
ascorbate, lipids, or Ag side chains.”° Divalent copper also
potentiates the toxicity of A to neuronal cell cultures,’
which may be related to soluble oligomeric species genet-
ated by oxidation and covalent cross-linking of AS side
chains.** Disease-modifying strategies based upon the ra-
tional design of therapeutics that inhibit the formation of
toxic Ag species as well as restoring metal homeostasis
would be facilitated by detailed knowledge of the Cu®"/Ap
interface.® However, until recently, limited consensus on any
of the Cu®"/Ap coordination modes could be obtained.

2. Defining the Cu?**/Ag Coordination Sphere:
The Problems

Similar to other metalloproteins, more than one Cu®" co-
ordination mode is accessible to A at physiological pH. This
was clear from the pH-dependent equilibrium between two
distinct species, commonly designated as “component I” and
“component I, that could be identified by continuous-wave
electron paramagnetic resonance (CW-EPR) spectra of a
variety of Cu?*/ApS complexes (Figure 1C).°~'> Paramagnetic
NMR implicated the participation of all three His residues of
Ap in high-affinity Cu*" coordination,®'#'6 but the manner
in which they coordinated together with the potential in-
volvement of the amino terminus (NH>),'®~ ' the side chain
carboxylate oxygen (COO~) of Aspl, Glu3, Asp7, and
Glu11,2'91417 the phenolic oxygen of Tyr10,'® and a back-
bone carbonyl oxygen (C=0)'° remained unresolved. Pro-
posed equatorial ligand spheres for component | included
{NH2D1, N[mHG, NlmH1 3, N]mH14},12 {C007 D1, N[mHGI N]mH1 3,
N[mH14},14 {NHZD1, O, NlmHGJ NlmH13}r13 and {NH2D1, COO*,
Nim™'3, N 41,79 For component II, {NH,”", NjiHe, Ny, 13,
Nim™ 14 and {NH,P', N-, C=0, N;,"®}'° ligand spheres
had been proposed, while in other cases participation of
deprotonated backbone amide nitrogen (N,,) ligands was
only inferred.'? In some instances, coordination near pH7.4
was examined without accounting for the presence of more
than one coordination mode, including EXAFS,'” paramag-
netic NMR,'® and electron spin echo envelope modulation
(ESEEM) studies."®

In addition to being able to delineate different coordina-
tion modes, the EPR spectroscopic parameters g; and A;(Cu)
(Figure 1C) have commonly been used to infer the number of
nitrogen and oxygen ligands in Cu®*/AB complexes,'%'2~14
although the relationship is at best qualitative in prac-
tice.2%2' Combining such information with complementary
methods such as UV—vis and circular dichroism provides
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additional information about the type of ligands involved by
identifying d—d and ligand-to-metal charge transfer transi-
tions, but assigning such transitions to a specific coordina-
tion mode when many modes overlap remains difficult.

To identify the residues involved, point mutations
or chemical modifications have frequently been intro-
duced,'%12131522 with the aim of attributing any spectral
changes to a direct role of the modified residue in Cu®"
coordination. However, mutating or blocking a coordinating
residue of the native complex will cause a major rearrange-
ment of the first coordination sphere to replace the lost
ligand while counterintuitively resulting in only minor spec-
tral changes if the blocked or mutated ligand is replaced by
another of the same type.'#?? Mutations and other mod-
ifications may also alter the coordination environment with-
out the affected residue being directly coordinated to the
metal ion.

3. Defining the Cu®*"/Ag Coordination Sphere:
The Solution

A superior method for studying Cu®" coordination of Ag is to
introduce site-specific isotopic labels to the surrounding nuclei
and examine the resulting spectral changes using EPR meth-
ods, which directly probe the electron—nuclear interactions.
The theory and applications of EPR, in particular CW-EPR,
ESEEM, and electron—nuclear double resonance (ENDOR)
are described in comprehensive texts,?'** and the EPR of
Cu?* complexes and proteins has also been reviewed.**?>
Using CW-EPR, the goal is to resolve and observe changes in
the metal—ligand superhyperfine (shf) pattern (Figure 10)
that accompany a change in both the nuclear spin I and
magnetic moment g, upon varying the isotopic content of
a specific nucleus. Much the same way one aims to infer the
coordination of specific residues by observing spectral
changes (e.g., in g; and A(Cu)) upon introducing a point
mutation, this can be more definitively achieved by obser-
ving spectral changes (e.g,, in the shf structure of CW-EPR
spectra, or in the nuclear frequencies in ESEEM and ENDOR
spectra) following introduction of a site specific isotopic
label. The isotopic labeling approach is more sensitive to
pH dependent changes in ligand environment and does not
perturb the native structure of the metal—protein complex.
Its utility has been demonstrated in the study of the Cu*"
coordination environment of the prion protein (PrP) octar-
epeat fragment, with its accuracy in this instance being
verified by X-ray crystallography.?® Reference 26 affords
an excellent review of the application of EPR and isotopic
labeling to the structure and function of Cu?* coordination
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to PrP and provides much of the framework for our
studies of AS.

Although pulsed EPR methods offer greater resolution,
CW-EPR can be advantageous when many coordination
modes overlap because the density of shf lines in each
mode is multiplicative with respect to the number of inter-
acting nuclei (following a IT(2/; + 1) rule, where J; is the
nuclear spin of the ith nucleus®’); hence, changing the iso-
topic content of a single ligand alters the entire shf spectrum.
This compares with ENDOR spectroscopy, for example,
which is also sensitive to directly coordinated ligands, where
the density of nuclear hyperfine lines is additive with respect
to the number of interacting nuclei (producing =(41) lines”);
here, altering the isotopic content of a single ligand affects
only 4/ hyperfine lines and not the entire spectrum, making it
more difficult to assign the ligand to a specific coordination
mode when many modes are copopulated. This limitation
also applies to some degree to ESEEM spectroscopy,
although combination frequencies of hyperfine lines corre-
sponding to ligands participating in the same coordination
mode can provide additional information.

4. Nitrogen Coordination of Cu*"/Af at Low pH
Between pH 6 and 7, the CW-EPR spectrum is dominated by
component | (Figure 1C).%'2~"5 Figure 2A shows the effects
of introducing '°N labels at residues Asp1, His6, His13, and
His14 on the CW-EPR spectrum of Cu®**/AB16 at pH 6.3. A
perturbation of the shf pattern was immediately obvious
when each of the above residues was (uniformly) T5N-
labeled, which suggests, assuming a single coordination
mode, that the equatorial coordination at low pH comprises
a 4N coordination sphere involving a nitrogen ligand from
the amino terminus and one from each histidine. However,
numerical simulations of the unlabeled Cu*/AS complex
supported a {0, "N, "*N, '*N} coordination sphere, suggest-
ing the above interpretation was simplistic.?® A full under-
standing of the Cu®" coordination at pH < 7 therefore
required a re-evaluation of the assumption that the compo-
nent I signal represented a single species. The solution of the
problem involved invoking the presence of a second co-
ordination mode with principal g and A(°°Cu) parameters
indistinguishable from component | at S-band and X-band
microwave frequencies; these two coordination modes
were termed components la and Ib.?8 In keeping with this,
potentiometric and spectroscopic studies of Cu®/AB16
suggested two {NH,, O, Nj,, Njm} coordination modes with
identical principal gy and A(®>°>Cu) parameters were ap-
proximately equally populated and accounted for ca. 95%
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FIGURE 2. (A) Comparison of experimental (full lines) and simulated (dashed lines) second derivative S-band CW-EPR spectra of ®>Cu®*/A416 and
isotopically labeled analogues at pH 6.3 (expanded about the g, region), showing the changes in shf structure accompanying site-specific '°N labeling
of Asp1, His6, His13, and His14, due to the rescaling of the '*N shf interactions by gn('>N)/gn(**N) = 1.40. Labeling of the phenolic oxygen of Tyr10
with 170 (30%) had no effect on the shf structure.?® Simulations were based upon a summation of components la and Ib shown in panel C. (B) X-band
HYSCORE spectra of ®>Cu?*/A$16 and isotopically labeled analogues obtained near g, at pH 6.3. Carbon-13 labeling of Asp1 revealed correlation
ridges dominated by the a-carbon (*3C,) due to coordination of NH,P' and by the e-carbon ('3C;) due to coordination of C=0P", while the absence of
these ridges upon selective labeling of the carboxylate ('3C,) ruled out side chain carboxylate coordination. Cross-peaks corresponding to double
quantum transitions from a noncoordinating '*N,,, appear in the HYSCORE spectrum of Cu>*/Aj16 are replaced by "°N,, cross-peaks in the
spectrum of Cu?*/Ap16('°N'3C-Ala2), implicating C=0P" coordination. The low intensity of these features suggests that C=0P' might coordinate in
only one of the two modes, which is indicated by the asterisk (x) in panel (C). (C) Schematic of the coordination spheres of components la and Ib, as
deduced from the data in panels (A) and (B). (Figure adapted with permission from refs 28 and 31. Copyright 2009 American Chemical Society.)

of the Cu®" species in solution at pH 6.3;'° however, it was
not possible to unambiguously assign the residues involved.
By using site-specific isotopic labeling and careful simula-
tions of the shf structure, it could be shown that both modes
involve equatorial nitrogen coordination of the amino ter-
minus and His6, while the third nitrogen ligand is supplied by
His13 in component la and His14 in component Ib.*®
ENDOR spectroscopy of Cu®"/AB16('°N-Asp1) also later
confirmed the participation of NH,”'.3” Figure 2A displays
the simulations of the shf structure obtained from a
weighted summation of {NH,"', O, N, NH13} and {NH,"’,
0, NHe NH1% modes, which are an excellent reproduction of
the observed experimental spectra. Although the strong

similarity of the shf patterns of Cu®*/A516(*°N-His13) and
Cu?*/AB16('>N-His14) provided a clue to the above inter-
pretation, the full complement of '>N-labeled peptides,
including the triple labeled AB16('°N-His6,13,14), were re-
quired to unambiguously determine the identity of the
coordinating ligands in each component. Since the His
residues were uniformly '°N-labeled, CW-EPR could not
distinguish between His coordination via the backbone
amide or the side chain imidazole nitrogen (N;,,). However,
HYSCORE spectroscopy of Cu®'/AB16('>N-His6), Cu®"/
AB16('>N-His13), and Cu®>*/AB16('>N-His14) confirmed the
coordination via Ny, through the appearance of '°N cross-
peaks from the distal nitrogen in each instance.?®
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An equilibrium between {NH,"', O, N;;,”, Ni,,"''3} and
{NH,"', O, Ni,"®, NiH'') modes was qualitatively consis-
tent with the greater intensity of the '>N cross-peaks ob-
served in the HYSCORE spectrum of Cu®*/AS16(' °N-His6) as
compared with Cu®*/AB16('°N-His13) and Cu?*/AB16('°N-
His14).28 However, caution should be excerised when inter-
preting the relative peak amplitudes in randomly oriented
HYSCORE spectra of multinuclear systems29 (and additional
intensity of '>N cross peaks in the HYSCORE spectrum of
Cu**/AB16('°N-His6) could in principle also result from
carbonyl coordination of Arg5; see sections 5, 7, and 8). It
is the multiplicative dependence of the CW-EPR spectrum on
the ligand shf interactions?” that both predicted the pre-
sence of components la and Ib and provided the definitive
nitrogen ligand assignment in each.

5.0xygen Coordination of Cu*"/Ag at Low pH
Early studies proposed the phenolic oxygen of Tyr10 as a
possible O ligand,®'® although no absorption near 400 nm
to suggest a O 1y, — Cu?* charge-transfer band was
observed.'® Moreover, compared with the unlabeled
Cu?*/AB16 complex, no perturbation of the shf structure
was observed between pH 6.3 and 8.0 when the phenolic
oxygen of Tyr10 was '“O-labeled, ruling out Tyr10
coordination.?® Although it is more difficult to unambigu-
ously assign the nuclear frequencies in HYSCORE spectra to
individual coordination modes (section 3), HYSCORE spec-
troscopy in conjunction with ' 3C-labeling of the next-nearest
nuclei provides a valuable alternative when '70 labeling is
either unfeasible or prohibitively expensive. Until very re-
cently, the oxygen ligand in component | (a and b) was
believed to be a carboxylate,®'%'43% most probably that of
Asp1.53° Indeed, HYSCORE studies of Cu®*/Ap16("3C'°N-
Asp1) (with uniform "3C labeling) revealed '3C correlation
ridges at pH 6.3 not inconsistent with the presence of the
carboxylate (the 3¢, nucleus in Figure 2Q) and two bonds
from Cu?* (Figure 2B).”® However, since CW-EPR already
showed that NH>P' coordinates in components la and
Ib (section 4), the a-carbon ('3C,), likewise being two bonds
from Cu®*, should also contribute '3C spectral features when
Asp1 is uniformly '3C-labeled.?® To resolve this uncertainty,
a specific 13¢, label was introduced on the carboxylate of
Asp1, whereupon the correlation ridges disappeared
(Figure 2B), definitively ruling out equatorial coordination
of the carboxylate of Asp1.?' The only observable '>C
feature in this instance was a diagonal peak at the '3C
Larmor frequency (aiso('2Q)] < 1 MHz) when the HYSCORE
spectrum was acquired at a magnetic field near g, present at
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both pH 6.3 and pH 8.0, indicating at most axial coordination
of the Asp1 carboxylate or noncoordination.?'? Interest-
ingly, the carboxylate side chain does coordinate equato-
rially when Ag isisomerized at Asp1, as demonstrated by the
appearance of '3C cross-peaks in the HYSCORE spectra of
Cu?t/AB16('3C4-isoAsp1).3 Isomerization of Asp1 results in
a dominant {NH,°', COO~°", 2N;,,} mode between pH 6
and 8 via the formation of a highly stable five-membered
chelate ring3® Although ApB42(isoAsp1) is found in AD
plaques,®* the physiological significance of the different
Cu*" coordination associated with this post-translational
modification remains to be established.

Similar to the case of Cu®"/AB16(isoAsp1), evidence for
the formation of a five-membered chelate ring at the N-ter-
minus was also found for Cu**/AB16 at pH 6.3 in the form of
weak cross-peaks near (3, 4) MHz in the HYSCORE spectrum
(Figure 2B), consistent with so-called double quantum transi-
tions of a noncoordinating '*N,,.2>2%%%3! When an Ap16-
(">N'3C-Ala2) analogue was studied under the same con-
ditions, these '*N,, cross-peaks were replaced with peaks
centered upon the '>N Larmor frequency (near 1.45 MHz
in Figure 2B)3' The presence of the weakly coupled
((giso(**C) < 1 MHz) o-carbon of Ala2 four bonds from
Cu?", also manifested in Cu®*/A16('°N'3C-Ala2) as fea-
tures close to the diagonal near the Larmor frequency of
13C (near 3.6 MHz in Figure 2B). Together, these observa-
tions demonstrated that N,,*? is three bonds from Cu?*,
thereby implicating coordination of C=0P" in component |
(Figure 20Q)3" This was an unexpected assignment
given the available experimental evidence at that time.®>°
Interestingly, similar results have been obtained
for an AS16 peptide containing the familial A2V muta-
tion, where the first coordination sphere of each mode
appears unchanged except for a modest shift in the pH
dependence due to changes in the outer coordination
sphere.??

Although the relative peak amplitudes in HYSCORE spec-
tra of multinuclear systems should be interpreted with
caution,® the weakness of the N, *? cross-peaks suggested
that C=0"" may not be an oxygen ligand common to both
components la and Ib.3" To investigate the possibility that
other acidic side chains coordinate in either components la
or Ib, site-specific 13C labels were also introduced on Glu3,
Asp7 and Glu11. In no case was a characteristic set of '>C
cross-peaks observed (at pH 6.3 or 8.0) to support Glu3,
Asp7, or Glul1 as carboxylate ligands.?' Moreover, by
analogy with the experimental features that result from
C=0P" coordination at low pH, no appearance of '°N
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FIGURE 3. Comparison of experimental (full lines) and simulated (dashed lines) second derivative (A) X-band and (B) S-band CW-EPR spectra of
component Il (expanded about the g, region), isolated as described in section 3, showing changes in shf structure accompanying site-specific '°N
labeling of His6, His13 and His14. (C) X-band HYSCORE spectra of Cu>**/A516 and isotopically labeled analogues obtained near g, at pH 8.0. The
5N, cross-peaks in the spectrum of Cu®*/AB16('>N'3C-Glu3) and the strong '3C correlation ridges in the spectrum of Cu®*/AB16('>N'3C-Glu3)
provide definitive evidence of C=0"? coordination. (D) The component Il coordination sphere proposed from the data in panels (A)—(C). The
coordination sphere is drawn schematically only and possesses tetrahedral distortion.>®> HYSCORE spectroscopy of Cu®*/AS16(*3C,—Asp1) (not
shown) provided conditional evidence3? for axial coordination of the carboxylate group of Asp1 (not drawn).?' (Figure adapted with permission

from refs 28 and 31. Copyright 2009 American Chemical Society.)

cross-peaks or concomitant disappearance of '*N,,, fea-
tures near (3, 4) MHz was observed following '>N-labeling
of Glu3, Asp7, or Glu11 to support Ala2, His6, or Tyr10,
respectively, as equatorial C=0 ligands in components
la/b.?" Alternative equatorial C=0 ligands have more re-
cently been proposed, in particular bidentate coordination
of the carbonyl and side chain of His6, His13, or His14.3°
However, C=0"° coordination appears unlikely in light of
the above findings.

6. Nitrogen Coordination of Cu**/Ag at High pH

Of the additional modes populated above pH 7, only com-
ponent Il is likely to be significantly populated near pH 7.4."°
Quantitative assessment of its coordination sphere is never-
theless complicated by the equilibrium with higher pH
coordination modes in addition to components la/b at lower
pH. In particular, beyond pH 8 contributions from higher pH
coordination modes become significant.'®33 Using CW-EPR,
however, component Il can be satisfactorily isolated by
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spectral algebra as depicted in Figure 1C. Numerical simula-
tions of the component Il shf spectrum of Cu®'/AB16
indicated a {0, "N, "N, "N} coordination sphere
(Figure 3A).>® Compared with the unlabeled peptide, a major
perturbation of the shf pattern resulted when all three His
residues were uniformly '°N-labeled and the shf spectrum of
Cu?*/AB16('°N-His6,13,14) could be simulated with a {O,
5N, >N, ">N} ligand sphere (Figure 3A).8 To identify the
specific His residues involved, His6, His13, and His14 were
also individually '°N-labeled and the shf structure was
examined using S-band CW-EPR. The component Il shf
patterns from Cu?*/Ap16(' °N-His6), Cu®"/AB16(*°N-His13),
and Cu®*/AB16('°N-His14) all differed from that of the
unlabeled peptide (Figure 3B), while the component Il shf
spectra of Cu®"/Ap16('°N'3C-Asp1) and Cu®/AB16 ap-
peared comparable.® Numerical simulations employing a
{0, "®N, "N, "N} coordination sphere for Cu®*/AB16(*°N-
His6), and similarly for Cu?*/Ap16(*°N-His13) and Cu®"/
AB16('°N-His14), further supported the assignment of a
{0, Njm™®, NimH'3, Ni"'4} coordination mode (Figure 3B).

HYSCORE spectroscopy of Cu®'/AB16('>N'3C-Asp1) at
pH 8.0 suggested a diminished '3C cross peak intensity
relative to the signal observed at pH 6.3, while HYSCORE
spectroscopy of Cu®*/AS16('°N-His6), Cu?*/AB16('>N-His13),
and Cu®*"/Ap16('>N-His14) at pH 8.0 provided conditional
evidence for the side chain coordination of all three His
residues in component I.*8 Weak combination peaks corre-
sponding to multiples of the His '*N, frequencies that are
often observed for multihistidine Cu®>" coordination®> are
not clearly identifiable at high pH (Figure 3C);*33'37 how-
ever, their absence is not clear-cut evidence against such
coordination®® and N,,,®> cross peaks (see section 7) may
mask or suppress weak combination peaks. Indeed, the
intensity of the combination peaks in HYSCORE spectra
Cu?*/AB16 and Cu?'/AB16(isoAsp1) peptides at pH 6.9
are dramatically different, yet both coordinate via two
His.>*> The gy/A;(®>Cu) ratio for component Il falls outside
the normal range for square planar Cu®>" complexes, sug-
gesting a shift to a more distorted geometry,®® which is
conceivably required to accommodate simultaneous coor-
dination of all three His residues. While the signhal-to-noise
ratio following spectral subtraction was lower, the simula-
tions in Figure 3A,B provide reasonable fits that appear self-
consistent across four labeled peptide analogues and two
microwave frequencies.?®

Following the original proposal of {NH,, CO, Nam, Nim}
coordination from potentiometric studies® an alterna-
tive {NH,"', O Non*%, Ni,"oH13H1% ‘mode of nitrogen
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coordination has more recently been proposed for compo-
nent Il using the isotopic labeling approach, where all His
residues are assumed exchangeable.?>3” In particular, HY-
SCORE spectra of Cu®"/AB16('3C-Asp1) and ENDOR spectra
of Cu®*/AB16(*°N-Ala2) provided clear evidence of coordi-
nation of NH,'and N,,*? at pH 9.0, where components la
and Ib were no longer visibly populated.>” However, even at
maximum occupancy, component Il is predicted to account
for only 60% of Cu®" speciation, with at least 20% being a
4N coordination mode postulated to be {NH,, 2N~, N;,}."°
The shf structure from CW-EPR of Cu®*/AS16('°N-Ala2) also
supported N,,? coordination at pH 11,37 but 4N coordina-
tion distinct from component Il occurs at this pH."®33 Con-
versely, difference spectra (pH 8.0 — pH 6.9) showed a
negligible shift in the positions of the component Il shf lines
of Cu?*/AB16(*°N'3C-Ala2) as compared with Cu**/Ap16,33
whereas '°N-labeling of a single nitrogen ligand should
have a more marked effect.?®

The proposition of His6, His13, and His14 as “equivalent
ligands” in exchange in a {NH,"', O, N,,%, N;,He/H13/H14y
model of component 11*>37 would (assuming no Cu?* brid-
ging of A3 monomers) require a superposition of {NH,"', O,
NamAZ, N[mHG}I {NHzm, o, NamAzr Nlmms}’ and {NH2D1, 0,
Nam™2, Nim™'% coordination modes with highly similar
principle g, and A(Cu) parameters (despite the reorganiza-
tion of the peptide backbone). The distinction between a
superposition of these three modes and a {O, Nj,*®, Nj, 713,
Nim™'* mode should be apparent in the shf pattern. In the
former case, the spectrum of Cu?'/AB16('>N-His6,13,14)
should be a superposition of three modes with similar 2 x
1N/1 x >N type coordination, since in each only a single
His residue would be '>N-labeled. Yet the component Il shf
spectrum of Cu®"/ApB16(*°N-His6,13,14) appears to be 3 x
5N, both by simulations (Figure 3A) and by comparison with
(uniformly) ">N-labeled A340.28 Certainly, it will be interest-
ing to re-evaluate the multifrequency component Il shf
spectra of Cu®"/AB16('>N-Asp1), Cu**/AB16('>°N'3C-Ala2),
and Cu®*/AB16('°N-His6,13,14) in the context of a {NH>, O,
Nam, Nim} model of component II.

7. Oxygen Coordination of Cu*"/Ag at High pH

A due to the identity of the equatorial oxygen ligand in
component Il was first obtained from HYSCORE spectrosco-
py of Cu*"/Ap at pH 8.0, which revealed cross-peaks near (3, 4)
MHz characteristic of the presence of a noncoordinating
"Nam.2® By analogy with the case described at low pH
(section 5), this implied the coordination of a carbonyl
oxygen. Although previously proposed,'® no direct evidence
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FIGURE 4. Possible mechanism of amide hydrolysis leading to A3 —x (x = 40, 42) species. (a) Coordination of Ala2 via component Il polarizes the
carbonyl carbon, allowing nucleophilic attack by OH™ (or other biological nucleophiles, such as thiols, ascorbate or amino acid side chains), leading to
(b) formation of a tetrahedral intermediate (TI), via a Cu™ oxidation state (shown) or alternatively via Cu** —0~—C—; (¢) subsequent breakdown of the
Tl involving cleavage of the amide bond and protonation of the leaving amide (possibly by a nearby amino acid side chain); (d) Cu*>* coordination of
truncated AB3—x and formation of AB3[pE]—x, both spontaneously and by glutaminyl cyclase. Transient interactions with other cofactors in vivo
could be required to promote formation and breakdown of the TI. The geometry of the coordinating ligands is drawn schematically only. (Figure

adapted from Drew et al.>3)

for this existed and it generally remained a disregarded
ligand assignment.® Nevertheless, isotopic labeling and
HYSCORE spectroscopy definitively confirmed the carbonyl
coordination of Ala2 by revealing a shift in the 14N, Cross
peaks upon '°N-labeling of Glu3 and the appearance of '>C
correlation ridges upon '3C-labeling of Ala2 (Figure 3C)."
Isotopic labeling also showed that this carbonyl coordination
persists even for the A2V familial mutant.>® Further to this,
HYSCORE spectroscopy of Cu**/AB16('3C4-Asp1) at pH 8.0
revealed a '3C peak near the diagonal with |aso('3C)| < 1
MHz, suggesting possible axial coordination of COO P! in
component 11332 Prior to and following these findings, Asp7
was proposed as either an equatorial®? or an axial®> oxygen
ligand in component Il. However, HYSCORE spectroscopy of
Cu?*/AB16('3C'>N-Asp7) at pH 8.0 provided no evidence of
any '3C features to support either assignment.>' Moreover,
Cu**/AB16('3C'>N-Glu3) and Cu?*/AB16('3C'>N-Glu11)
revealed no '3C features to suggest any oxygen coordination
by Glu3 or Glu11.?'

Although component Il represents a minor species in
the physiologically relevant pH range, it may play a role in
the production of truncated AB3—40/42 species®® that are
widely believed to be important in disease initiation.3®
The mechanism of generating these truncations remains

uncertain, but Ala2 carbonyl coordination in component Il
has led to a proposed truncation mechanism involving
Cu?*-promoted amide hydrolysis (Figure 4).3'33

8. Concluding Remarks

The combination of EPR spectroscopy and isotopic labeling
has provided arguably the most unambiguous determination
of Cu®*/Ap coordination and future refinements of the most
recent models so obtained?®31333537 will increasingly rely on
such techniques to provide credible new insights.>® Although
the possibility that C=0P"' does not coordinate in both com-
ponents la and Ib remains to be investigated (section 5),
through this approach the equatorial coordination sphere of
the predominating components la and Ib has been unraveled.
One intriguing possibility is that Arg5 provides a carbonyl
ligand. If so, then ">N,,,"'® cross peaks would be expected to
appear in the HYSCORE spectra of Cu®*/AB16('°N-His6) be-
tween pH 6 and 7, analogous to the scenario for C=0°'
(section 5) and C=0"? coordination (section 7), although the
intense "N, cross-peaks?® could easily mask potentially
weak '°N,,"° features. Site-specific '>C-labeling of C=0>
would allow this possibility to be investigated. At higher pH,
the equatorial oxygen ligand of component Il has been
definitively assigned, although isotopic labeling studies

Vol. 44, No. 11 = 2011 = 1146-1155 = ACCOUNTS OF CHEMICAL RESEARCH = 1153



Heterogeneous Cu?*/Af Interactions Drew and Barnham

have provided two alternative models of nitrogen co-
ordination.?®3” A re-evaluation of the multifrequency CW-
EPR spectra with better signal-to-noise ratio in conjunction
with more detailed pH-dependent studies of the shf structure
exploiting isotopic labeling and spectral algebra will help
reconcile the different results.

Isotopic labeling studies of Aj peptides with physiolo-
gically relevant N-terminal truncations are also beginning
to be carried out,>3 and additional site selective '>C and
>N labeling of key residues will help to further refine our
understanding and relevance of their modified Cu®*" co-
ordination. Of particular importance will be the translation
of the above approach to the study the Cu®" coordination
of low molecular weight soluble A oligomers. Although
isolation/preparation of specific Cu**-bound oligomers
for EPR studies poses a challenge, ' °N-labeling of soluble
ABA40 has revealed well-resolved shf structure,?® suggest-
ing that this approach can in principle be applied to longer
peptides with adequate resolution. In lieu of such infor-
mation, corresponding studies utilizing synthetic cova-
lently cross-linked Aj dimers*® may provide important
insight. Finally, isotopic labeling and EPR spectroscopy
will be of immense value in investigating the interactions
of Cu?*, AB, and 8-hydroxyquinolines, where ternary
complex formation is proposed to be responsible for
some of the in vivo therapeutic effects of metal chaper-
ones such as PBT2.2
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